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ABSTRACT
Functional analysis is an important aspect of the systems engineering process that
provides the functional description of a system. Traditional functional analysis tools such
as functional flow block diagrams (FFBD) progressively decompose functions into subfunctions based on considerations such as the operations sequence and customer
requirements. However, as highlighted in the INCOSE Systems Engineering Handbook
(2004), the FFBD does not provide full information relating to functional boxes and its
interfaces, which are essential for the development of projects. The survey done by Pinto
and Slevin (1990) suggested that one for the main reasons for projects failures is the lack
of communication between the stakeholders.

This study presents an Enhanced Functional Analysis Systems Technique
(EFAST) tool to facilitate communication amongst various stakeholders such as the
customers, program managers, systems architects, and systems engineers. The EFAST
maps

the

customer

requirements

to

downstream

system

functions

and

subsystem/component requirements, and outlines the interactions between various system
and subsystem level and activities using a top-down approach. A bottom-up approach is
used to populate the system element cost and time estimates. The EFAST tool compares
the budgeted development resources with the estimated development resources to provide
a realistic picture for realizing project in terms of performance, cost, and schedule. The
EFAST tool could potentially be used in the project bidding process because it compares
the budgeted project cost with the estimated project cost. The application of the EFAST
tool is demonstrated using a case example.
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ABSTRACT
Functional analysis is an important aspect of the systems engineering process that
provides the functional description of a system. Traditional functional analysis tools such
as the functional flow block diagrams (FFBD) progressively decompose functions into
sub-functions based on considerations such as the operations sequence and customer
requirements. However, as highlighted in the INCOSE Systems Engineering Handbook
(2004), the FFBD does not provide full information relating to functional boxes and its
interfaces, which are essential for the development of projects. A survey done by Pinto
and Slevin (1990) suggested that one for the main reasons for projects failures is the lack
of communication between the stakeholders.

This study presents an Enhanced Functional Analysis Systems Technique
(EFAST) to facilitate communication amongst various stakeholders such as the
customers, program managers, systems architects, and systems engineers. The EFAST
maps

the

customer

requirements

to

downstream

system

functions

and

subsystem/component requirements, and outlines the interactions between various system
and subsystem level and activities using a top-down approach. A bottom-up approach is
used to populate the system element cost and time estimates. The EFAST tool compares
the budgeted development resources with the estimated development resources to provide
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a realistic picture for realizing projects in terms of performance, cost, and schedule. The
EFAST tool can potentially be used in the project bidding process because it compares
the budgeted project cost with the estimated project cost. The application of the EFAST
tool is demonstrated using a case example.
Keywords
Functional Analysis, Engineering Projects, Systems Engineering.
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1. INTRODUCTION

The design of complex system architectures involve a significant amount of
resources commitments. Typically, the systems architects are responsible for determining
the functional requirements by compiling the unstructured mix of customers’ needs,
ideas, requests, and technological possibilities into a coherent and structured system. As
mentioned in the INCOSE Systems Engineering Handbook (2004), functional analysis
should be conducted to define and integrate a functional architecture, for which
subsystems and activities can be assigned. Furthermore, the analysis must be conducted
to a particular level of depth, which is needed to support the design synthesis efforts.
Hence, it is essential for systems architects to perform a high-level quantitative analysis
to determine system feasibility.

During the system integration phase, systems engineers are responsible for
finding the optimal design solutions. This is done by breaking the system level
requirements into subsystem level requirements to identify input design criterions and/or
constraints on various elements of the system. Consequently, the systems architects must
fully determine the overall system objectives governed by the customers and transfer this
information to systems engineers to analyze the subsystem requirements and constraints.
The system project managers have the task of managing the entire project and evaluating
that the project cost, time, and performance objectives of the customer are met. However,
this is often the most difficult phases because it requires a systems thinking approach to
gather important information effectively for systems engineers, systems architects, and
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project managers. Due to different information priorities amongst systems engineers,
systems architects, and project managers, often times, these internal stakeholders analyze
the system from different perspectives. Systems architects and engineers frequently look
at accomplishing the activities for a system by breaking down the system level
requirements into subsystem level requirements in a hierarchical structure. The project
mangers look at the overall project development activities to ensure that feasible
resources and budgets are properly identified for each activity to meet the customer
needs. When the overall project budgets and timeline fail to meet the customer needs, it is
highly probable that the project overruns, thereby, causing a project failure.

Refer to Table I. Table I provides a list of prominent reasons for project failures.
The major cause of projects failure is attributed to incomplete requirements and lack of
user involvement. The incomplete requirements and lack of user involvement in projects
are often due to lack of communication. Therefore, an effective representation tool is
needed for clear communication between the systems engineers, architects, and the
project managers. This study proposes one such tool called the EFAST to facilitate
communication between systems architects, systems designers/engineers, and project
managers. Refer to Table II. Table II summarizes commonly used tools by system
architects/engineers and project managers.
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2. LITERATURE REVIEW

2.1 Functional Flow Block Diagram (FFBD)
The Functional Flow Block Diagram (FFBD) uses a multi-tier and step-by-step
diagram of the system functional flow to define the detailed operational sequences of the
system functions (INCOSE Systems Engineering Handbook, 2004). It is a commonly
used tool in functional analysis to define the functional level and the sequences of
activities. The decomposition of the function into the sequence of activities is carried out
by asking the question “WHAT” needs to be done to perform the particular function.
Refer to Figure 1. The top level functions of the system are shown at level 1. At level 2,
the top level function, F1, is decomposed into level 2 functions, F1.1 through F1.n. The
functional decomposition continues to further levels as dictated by the scope of the study.

One of the limitations of FFBD is that it does not provide the information for each
functional step and the timeline details. As the system development progresses, the
functional requirements will change to accommodate the resource constraints, hence, the
FFBD has to be updated frequently to ensure that the latest system architecture is
depicted.

2.2 Functional Analysis Systems Technique (FAST)
Functional Analysis Systems Technique (FAST) is a requirement oriented and
functional based tool, which focuses on the functions required by a design, process, or
service to accomplish its objective (Wixson, 1999). FAST is one of the synergistic ways
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of developing, decomposing, and understanding the system functions, hence, it can play
an important role within the context of systems engineering.

The FAST modeling process starts by identifying the system’s primary objective
and basic function(s). The basic function(s) are decomposed into secondary support
functions, and finally, into the supporting functions to support the basic functions. The
secondary functions are the ones required for supporting the primary functions. The
FAST diagram answers the question “HOW” while moving from the left to the right and
answers the question “WHY” while moving from the right to the left to ensure a logical
formation of functional relationships.

2.3 Cost Estimation
Cost estimation is one of the most crucial and difficult process in a system
development. Without accurate cost estimation, the project is at a risk of overruns.
Studies done by Standish Group and Scientific American from 1994 through 1996,
which evaluated about 300 complex projects, suggested that approximately 53% of the
complex projects overrun by approximately 89% of their original cost. The study also
mentioned that average time overrun was approximately 122% of their original schedule.
Therefore, it is important to plan and control the project activities right from the
beginning.

Often times, the customer demands constrain the project development, and it is
the responsibility of the systems designers/engineers to work with the constraints
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imposed. Consequently, a good cost estimation model is required to assist the system
designers/engineers to calculate the most feasible resources required to the most desired
system capability and performance.

Cost estimation can also assist the system

designers/engineers with further analysis such as tradeoff studies and risk analysis.

Over the years, many techniques have been introduced to assist software
designers in cost estimation for software development. The methods available for
estimating cost include algorithmic techniques, analogy estimating techniques, expert
judgment methods, bottom-up and top-down approaches (Wu, 1997). In the survey done
by Chulani (1998), the most commonly used software cost estimating models are the
Putnam model, COCOMO model, and function points based model. System
development is similar to software development and there is no difference in estimating
cost for system development (Wu, 1997). Hence, software cost estimation methods can
be adapted to component cost estimation.

3. PROPOSED METHODOLOGY

3.1. Overview
The foundation of the proposed EFAST model is based on the Functional
Analysis Systems Technique (FAST) representation tool that is widely used by value
analysts. The proposed EFAST tool uses a top-down approach and a bottom-up approach
for allocation of system development resources. The development resources are project
cost and time. This model will allow the managers and engineers to continuously predict
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the future needs of the evolving system and technical intricacies as well as allocation of
future development resources.

The top-down approach allocates the system development resources to various
elements of the system starting from high level system to lower level subsystems. In
EFAST, the allocation of development resources using the top-down approach are the
total budgeted cost (BC) and total budgeted time (BT). The EFAST tool assumes that the
BC and BT is provided by the customer, and is allocated to each of the identified
functions and sub-functions.

In the bottom-up approach, the costs for each subassembly/component
development activities are estimated and all these costs are then aggregated to provide
estimated cost of the overall system. The bottom-up approach uses historical data from
similar engineering projects to estimate the costs, revenues, and other data for the current
project by using appropriate modification factors (Sullivan, et al., 2005). William (1994)
stressed the importance of establishing the work breakdown structure (WBS) before the
bottom-up approach is applied.

Hence, a WBS technique is used to define the

subassembly component development activities, estimated cost (EC) and estimated time
(ET) for each development activity. Figure 2 outlines the overall EFAST steps.

In the first phase of EFAST, a FAST diagram is developed. The focus is on
finding the system requirements that fulfill the customer needs. The subsystem structure
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is identified, which is further broken down into component level structures. The second
phase consists of finding the alternative components for each subassembly/component.

The concept selection analysis is conducted on the alternative components to
identify the best alternative that meets the customer needs. It is assumed that the
customer needs are already defined and ranked based on stakeholders importance before
conducting the concept selection analysis. In the third phase, the selected alternative
component is broken down into subassembly/component development activities.

The development activities will be planned and scheduled by the engineers, and
the estimated development resources (EDR) are allocated to each development activities.
The estimated development resources (EDR) will include estimated cost (EC) and
estimated time (ET). The fourth phase is comparing the estimated development resources
(EDR) with the budgeted development resources (BDR). Finally, the results are evaluated
to determine the feasibility of the project meeting the customer objectives.

3.2. Terms and Definitions
Top-down approach: Top-down approach is a strategy that looks at the entire system
concept and breakdowns the system into subsystems.
Bottom-up approach: Bottom-up approach is a strategy that defines functional details of
the smallest element beforehand in a particular system and further links it to higher-level
elements, and finally a larger system is formed.

10
Subassembly component development activities: Subassembly component development
activities are a set of activity that must be executed when structuring a subassembly
component.
Alternative subassembly/components: Alternative subassembly/components are the
choices available for the subassembly/components.
Concept selection: Concept selection is an act to select the best concept to perform the
function requirements from a set of alternatives.
Estimated development resources (EDR): Estimated development resources are the
calculated development resources required to develop a particular system. It is calculated
based on the past experiences of the technical experts and usually includes funds,
personnel, information, etc.
Budgeted development resources (BDR): Budgeted development resources are the
planned development resources for a particular project. It is based on the customer
specified requirements such as expenditures and delivery schedule, and it is allocated by
the management to the entire project.

3.3. Phase 1: Functions and Components Decomposition
Step 1: Define the objective and the primary functions.
Step 2: Define secondary functions and supporting secondary functions.
Step 3: Identify subsystems structure and subassembly/components for the terminal
functional boxes.
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The first phase of the EFAST model is to conduct functional decomposition. In
this step, the FAST method is used to decompose into functions by finding the inputs and
outputs that are required to achieve the overall system requirements. Refer to Figure 3.
Figure 3 provides an example of function decomposition hierarchy.

Apart from functional decomposition which is provided by the traditional FAST
diagram, the proposed EFAST tool can be used for the following tasks:

¾ Function and structure data boxes that list information such as function cost and
function completion time.
¾ Extension of the terminal function block in the traditional FAST diagram to
manifest potential alternative physical structure solutions.
¾ Selection of the best component based on multi-objective criteria.

3.4. Phase 2: Concept Selection Analysis
Step 4: Conduct concept selection analysis on alternative structural concepts.

Concept selection is an important aspect of the decision-making process and is
used to evaluate alternative concept solution based on customer needs to assess the
feasibility in realizing the design. This process involves comparing the relative strengths
and weaknesses of the alternative concepts and the selected concept is used for further
development (Adrian, et al., 2007). There are many methods to assist the system
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designers to obtain the best results in the concept selection phase. The commonly used
methods are listed below:

1. Quality Function Deployment (QFD)
2. Pugh’s Scoring Analysis
3. Axiomatic Design
4. Analytical Hierarchy Process (AHP)

In EFAST, the concept selection analysis is conducted on the identified
alternative subassembly/components. The selected alternative subassembly/component is
then further analyzed in steps 5 through 8, where the development activities interaction
will be identified and broken down to facilitate the allocation of estimated development
cost and time. Step 4 extends the terminal functional blocks to manifest various structural
concepts. For illustration purposes, the AHP is employed in the case example which will
be discussed in the later section.

3.5. Phase 3: Subassembly/Components Development Activities Planning and
Scheduling
Step 5: Construct the Design Information Flow Diagram (DIFD) to illustrate interaction
and information dependency between the subassembly/components.
Step

6:

Construct

the

subassembly/components.

Work

Breakdown

Structure

(WBS)

for

each
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Step 7: Construct the Activities Dependency Matrix (ADM) to illustrate the dependency
between subassembly/components development activities.
Step 8: Construct the Activities Sequence Diagram (ASD) to allocate cost and time for
each development activity and construct the network diagram to provide timing details.

3.5.1. Design Information Flow Diagram (DIFD)
After the identification of all the best subassembly/components, Design
Information Flow Diagram (DIFD) is constructed to illustrate the interaction and
information dependency between the subassembly/components. DIFD lists the
subsystems, subassembly/components and the point of information exchange. The
example of DIFD is shown in Figure 4. The point of information exchange denotes the
percentage of development activities of primary subassembly component (Cp) must be
completed

in

order

to

transfer

the

design

information

to

the

dependent

subassembly/components (Cd). In the example, the value x is the percentage of
development activities must be completed. The direction of the arrow represents the
direction of the information flowing from Cp to Cd. The steps for constructing the DIFD
are listed as follows:
1. List the subassembly/components on the X-axis, and the percentage of
development activities completed on the Y-axis.
2. Identify the primary and dependent subassembly/components.
3. Approximate the percentage development activities of Cp that must
complete.
4. Assign the point of design interaction from Cp to Cd.
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DIFD is used to find the delay period between the development activities of
components, which are governed by the finish-to-start relationships. The finish-to-start
relationship refers that the development of Cd cannot start until the development of Cp is
completed.

In case of any design changes in a particular subassembly component, DIFD is
also capable of illustrating the impact of the design changes on the dependent
subassembly/components. For example, if a certain design specification for primary
component, Cp is needs to be changed, the DIFD allows a quick reference to identify all
components, which are dependent on that component.

3.5.2 Work Breakdown Structure (WBS)
Developing a complex system involves breaking down the set of development
activities required for completion of the project. WBS is developed using top-down
approach in successive levels of detail (Sullivan, et al., 2005). The first step structuring
WBS involves breaking down the system into its major subsystems (Level 2), and then
will be further decomposed into subassembly/components (Level 3) and so on. For
example, in the truck development project, the truck system is divided into second-level
subsystems such as the powertrain, load bearing units, body and auxiliary units. Each
second-level subsystem of the WBS can be further subdivided into the third level. For
example, the powertrain can be subdivided into third-level components such as engine,
gearbox, propeller shaft, fuel tank, and clutch. This process continues until the details of
the subassembly component development activities of the system are accomplished.
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During this process, the numbering scheme is used to indicate the interrelationships of the
development activities in the hierarchy and to facilitate the manipulation and integration
of data (Sullivan, et al., 2005).

However, the WBS does not provide the timeline of the development activities.
Hence, the network diagram (ND) is used to illustrate the timeline required for system
development.

In EFAST, the network diagram (ND) will be constructed after the

sequence of development activities is identified.

3.5.3 Activities Dependency Matrix (ADM)
Activities Dependency Matrix (ADM) provides information exchange pertaining
to development activities, such as percentage development activities completed, and its
information dependency. In the matrix, the rows and the columns represent the
development activities. The fraction delay time (DT) of the interacting development
activities is located in the right side of the diagonal cells. For example, to develop
component Cp, two development activities, namely, ACT1 and ACT2 need to be
completed. Further, Zact1% of activity ACT1 must be completed for transferring
information in order to start ACT2. Figure 5 illustrates the construction of ADM. The
delay time (DT) to start activity ACT2 is calculated using equation (1):

DT = Zact1 % x d of ACT 1

Eq.(1)
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3.5.4. Activities Sequence Diagram (ASD)
The sequence of the development activities for each subassembly component is
identified using the ASD. The sequence information obtained from the ASD will be used
to assist the structuring of the ND. The development activities can be predecessor
activities, which must be completed prior to the start of the particular activity, or
successor activities, which cannot start until a particular activity is completed.

After the development activities of each subassembly component are identified,
the estimated cost (EC) and estimated time (ET) are allocated to each activity in the
activities sequence diagram (ASD). For illustration purposes, the estimating by analogy is
applied to the case example. Estimating by analogy estimates the current project costs by
comparing it with previous similar project. This method of cost estimation is usually
based on the estimator’s past experience and the historical data of previous project.

Later, the network diagram (ND) is drawn to show the timeline to develop the
overall system. Stephen (2002) defined a serial and a parallel network as follows:

Series Network: Two activities are in serial when one is a predecessor of the other. The
boxes will be used to represent the development activities. Figure 6 shows the detail of a
typical serial network.

Parallel Network: Two activities are in parallel, if neither is a predecessor or a successor
of the other. Figure 7 shows details of a typical parallel network.

17
3.5.5. Network Diagram (ND)
When constructing a ND, the duration time (d), early start (ES) and early finish
(EF), and late start (LS) and late finish (LF) are identified. The ES and EF times for each
development activity are calculated by moving forward through the network and
determining the earliest time at which an activity can start and finish considering its
predecessor activities. The LS and LF times indicates the latest time an activity can start
and finish without delaying the total time completion of the project. LS and LF are
calculated by moving back through the network.

The difference between the late and early finish of each activity is the activity’s
delay. The critical path is the path through the network in which none of the activities
have delays. The total project completion time can be calculated by summing the
completion times of the activities in the critical path (Howard, 2004). By summing the
data, the probability of the project completed according to the planned schedule can be
identified. The equation for the calculations of ES, EF, LS, and LF is as follows:

ES i+1 = ( d i x DT% ) + ES i

Eq.(2)

EF i+1 = d i+1 + ES i+1

Eq.(3)

LS i = (- d i x DT% max) + LS i +1

Eq.(4)

LF i = LS i + d i

Eq.(5)

Figure 8 shows an example of a network diagram. After completion of the
network diagram, the delay time can be identified. The proceeding step involves
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comparing the budgeted development resources with the estimated development
resources.

3.6. Phase 4: Comparison of Budgeted Development Resources (BDR) with Estimated
Development Resources (EDR)
Phase 1 provides the top-down approach for allocating the budgeted development
resource (BDR), and phase 3 provides the bottom-up approach to calculate the estimated
development resources (EDR). In phase 4, the results obtained from both the top down
and the bottom up approach are compared.

There are four possible case scenarios that could occur in a project development. The
four case scenarios are listed as follows:

1. Worst Case Scenario: The EDR does not meet the BDR or project overruns
2. Best Case Scenario: The EDR meets the BDR or project success
3. Mid Case Scenario (cost): EC does not meet the BC or project cost overruns
4. Mid Case Scenario (schedule): ET does not meet the BT or project time overruns

The results from the comparison and the generated case scenarios could trigger
further analysis such as cost risk analysis, schedule risk analysis, performance risk
analysis, PERT/CPM, and so forth for the projects. In the next section, the application of
EFAST to a truck system project case is demonstrated.
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4. CASE EXAMPLE

The EFAST tool is demonstrated using a midsize truck system. Refer to Figure
10. EFAST modeling starts by identifying the five types of boxes that are used in the
EFAST diagram, namely, customer needs, function box, terminal function box,
subsystem structure box, and subassembly component box.

PHASE 1
Step 1: Define the objective and the primary functions.
The identification of customer needs starts by asking a few questions such as the
following:
a. What is the main objective of the project?
b. What are the high-level solutions necessary to perform this objective?
The general solutions identified are the high-level functions or the primary functions as
shown in Figure 9. The objective for the development of commercial truck is identified as
“Develop Truck System”, while the primary functions are as follows: move vehicle,
support vehicle load, support load and driver, and maneuver vehicle and stop vehicle.

Step 2: Define secondary functions and supporting secondary functions.
Refer to Figure 9. For the primary function, move vehicle, the secondary function
has been identified: generate power. The supporting secondary functions for generate
power is convert energy. Depending on the case, the supporting secondary functions can
be decomposed into several levels. Referring to Figure 10, the supporting secondary

20
function convert energy is called the terminal functional box because no further function
decomposition occurs after this point.

Step 3: Identify subsystems structure and subassembly/components for the terminal
functions boxes.
Refer to Figure 9. Corresponding to the terminal function box convert energy, the
identified subsystem structure that domain the task is powertrain. For this subsystem
structure, five subassembly/components have been identified namely: engine, gear box,
propeller shaft, fuel tank, and clutch.

In this step, the functional data box for supporting secondary functions convert
energy is created which includes the following information:

¾ Budgeted Cost (BC)
¾ Budgeted Time (BT)

The budgeted function cost and schedule is allocated to the functional data box by
systems architect. For this case, the BC and BT is based on historical data. The BC
allocated is $80.7M, and the BT allocated is 570 days.

PHASE 2
Step 4: Conduct concept selection analysis on alternatives subassembly/component.
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Refer to Figure 9. The subassembly/component engine is further analyzed.
Analytical Hierarchy Process (AHP) is used to demonstrate the concept selection
analysis. In this case example, it is assumed that the customer criteria for the
subassembly/component engine are fuel economy, power-to-weight ratio, and noise
vibration and harshness. The customer criteria will then be evaluated based on the design
parameters such as horsepower, rotation-per-minute, and torque. Refer to Table III. Table
III lists the design parameters requirement ranges that satisfy the customer criteria. Refer
to Table IV. The design parameters are scored according to the customer criteria using
the scale listed in Table IV.

Table V through Table XII illustrates the pairwise comparison of the alternative
concepts with each design parameters. Figure 10 provides the results of the overall
analysis. From this analysis, it is evident that the turbocharged inter cooled engine is
preferred over the other two existing alternatives i.e., naturally aspirated engine, and
turbocharged engine.

PHASE 3
Step 5: Construct the Design Information Flow Diagram.
Refer to Figure 11. The development activities of subassembly/component engine
are broken down into percentage of development activities that are completed. Figure 11
shows that after 10% of engine development activities are completed, the information is
transferred from engine to fuel tank, wheels and tires, and steering. The point of
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information flow will be used in the later steps to find the delay time between the
subassembly/component development activities.

Step 6: Work Breakdown Structure (WBS) of development activities of each subsystem’s
component.
Refer to Figure 12. The truck system is broken down into its subsystem structures
(WBS Level 2) namely, powertrain, load bearing, body and auxiliary. Then, each
subsystem structure is further divided into subassembly component (WBS Level 3). For
example, the powertrain is subdivided into third-level components namely the engine,
gearbox, propeller shaft, fuel tank, and clutch. Finally, the components are mapped into
development activities of each subassembly/component.

Step 7: Develop Activities Dependency Matrix.
Refer to Figure 13. The Activities Dependency Matrix (ADM) for the truck
system is constructed. In the large matrix, the rows and the columns represent the
subassembly component. In the smaller matrix, it represents the development activities
for each subassembly component. The delay time (DT) of the interacting development
activities is located on the right side of the diagonal cells. For example, to develop the
subassembly/component engine, six development activities namely 1.1.1.1 through
1.1.1.6 need to be completed. Further, 20% of the development activity 1.1.1.1 needs to
be completed for transferring the information in order to start the development activity
1.1.1.2. Hence, the total delay to start the activity 1.1.1.2 can be calculated using eq.(1):
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DT1.1.1.2 = 0.2 x d 1.1.1.1 = 0.2 x 600 = 120 days

The total development time is equivalent to the ET, which is estimated by the
engineers. Similarly, the step is applied to the overall truck system, and the information
obtained is used in the Network Diagram.

Step 8: Develop the Activities Sequence Diagram (ASD) to allocate cost and time for
each breakdown development activities and Network Diagram.
Refer to Figure 14. The subassembly/component turbocharged inter-cooled
engine is used for further analysis. The development activities of the turbocharged intercooled engine are broken down, and then EC and ET are allocated to each of the
development

activities.

Similarly,

these

steps

are

applied

to

the

other

subassembly/components. The ASD provides information of development activities
sequences of each subassembly/component to the design engineers, and allows the design
engineers to allocate the resources according to the development activities sequences.
Then, the structure data box for powertrain subsystem is created to include the following
information:

¾ Estimated Cost (EC)
¾ Estimated Time (ET)

For illustration purposes, estimating by analogy is applied in this step. The total
estimated structure cost for powertrain subsystem is based on the total estimated cost of
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the development activities for the respective subsystem. Similarly, the total estimated
time to complete the powertrain subsystem is derived from summing the estimated
completion time of development activities for the powertrain subsystem.

Refer to Figure 15. The network diagram for subsystem powertrain is constructed.
The first development activity for subsystem powertrain is activity 1.1.1.1 (engine core).
The duration time, (d) to develop the activity 1.1.1.1 is identified as 600 days. Since it is
the first activity to start, the early start (ES) will be zero. However, the earliest finish can
be calculated using eq.(3):

EF 1.1.1.1 = d 1.1.1.1 + ES 1.1.1.1 Æ 600 + 0 = 600 days

Moving forward through the network, the next activity is 1.1.1.2. The ES and EF
for activity 1.1.1.2 can be calculated as follows:

ES1.1.1.2 = ( d1.1.1.1 x DT% ) + ES 1.1.1.1
EF1.1.1.2 = d 1.1.1.2 + ES 1.1.1.2

Æ 600(0.2) + 0 = 120 days

Æ 320 + 120 = 440 days

Likewise, the same method is applied for the rest of the network diagram. The LS
and LF can be calculated by moving back through the network. Using the activity 1.1.1.6
as the last development activity, the LF is the equivalent to its EF, which equals 630
days. The LS can be calculated using eq.(4):
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LS1.1.1.6 = (- d1.1.1.6 x DT %max) + LS i+1 Æ (- 50 x 1 + 630) = 580 days

However, for the case of activity 1.1.2.1, the LS and LF needed to be calculated
using eq.(4) and eq.(5). The LS and LF calculation is shown below:

LS1.1.2.1 = (- d1.1.2.1 x DT% max) + LS 1.1.3.1 Æ - 98(0.4) + 510 = 470 days
LF1.1.2.1 = LS1.1.2.1 + d 1.1.2.1 Æ 470 + 98 = 568 days

The same method is applied to rest of the network diagram. The critical path is
the path through the network in which none of the activities have delays. In the case of
subsystem engine development, the critical path is identified as shown below:

1.1.1.1 Æ 1.1.1.4 Æ 1.1.1.5 Æ 1.1.1.6

The total project completion time can be calculated by summing the variances in
the completion times of the activities in the critical path. In this case, the total project
completion time is 630 days.

Step 9: Comparison of budgeted development resources and estimated development
resources.
Refer to Table XIII and Table XIV. The tables show the comparison of estimated
development resources (EDR) with budgeted development resources (BDR). For
example, in the powertrain subsystem, the estimated cost (EC) is calculated as $82.4M
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and the budgeted cost (BC) given as $80.7M. This comparison shows that there is a
difference of $1.7M in monetary resources. Similarly, a comparison can be done with
other subsystems.

Refer to Figure 16 through Figure 19, which compares the EDR and BDR in
graphs. The graph shows four possible case scenarios that could occur in projects.
Scenarios 1, 3, and 4 fall in the category of high-risk, where the estimated development
resources does not meet the customer requirements. The results from the graphs could
potentially set off further analysis such as risk analysis, PERT/CPM, and so forth.

5. CONCLUSIONS AND FUTURE WORK

This study presents the initial framework of the EFAST tool that can serve as a
viable representation and communication tool for the system architects, systems
engineers, and program managers. The proposed EFAST tool can provide an efficient
communication forum between multiple stakeholders because it describes information
from two different perspectives, namely, engineering viewpoint (bottom-up approach)
and project management viewpoint (top-down approach). The EFAST representation
provides information for the project managers regarding the feasibility of the system
development in terms of cost and schedule.

The EFAST tool can include other analysis such as schedule risk analysis, cost
risk analysis, and performance risk analysis. It can also be extended to indicate the
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alternative functional decompositions. The EFAST tool could be modified to create more
comprehensive functional and structural data boxes capable of storing richer attributes,
and can be extended to provide requirement traceability along various functional and
structural box routes. This will help the system designers to clearly communicate with the
project managers on the implications of changes in requirements on the system level
performance and project management metrics. Additionally, the EFAST can include a
comprehensive approach to estimate the subassembly component development activities
cost using software estimation cost techniques.
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Primary function: Highest level of system objectives/customer objectives.
Secondary function: Decomposed function that support system objective.
Supporting secondary function: Decomposed function that support secondary function.
Subsystem structure: Identified subsystems to perform the supporting secondary function.
Subassembly/Component: Components that are needed to support the subsystem.
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Subsystems Structure

Component
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LEVEL 5
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Figure 3. Enhanced functional analysis systems technique system decomposition
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Figure 4. Example of design information flow diagram (DIFD)
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Figure 11: Application of DIFD on the truck case example
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Figure 12. Application of WBS on the truck case example
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Figure 13. Application of ADM on the truck case example
38
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1.1.1.1. Engine Core
Estimated Time: 600 days
Estimated Cost: $32M

1.1.1.3. Cooling Management
Estimated Time: 320 days
Estimated Cost: $12M

1.1.1.5. Turbocharged
Estimated Time: 100 days
Estimated Cost: $4.2M

1.1.1.6. Design Integration
Estimated Time: 50 days
Estimated Cost: $4M

1.1.1.4. Fuel Injection System
Estimated Time: 300 days
Estimated Cost: $20M

1.1.2.1 Drive System
Estimated Time: 98 days
Estimated Cost: $7.3M

1.1.2.3. Design Integration
Estimated Time: 15 days
Estimated Cost: $0.5M

1.1.2.4. Casing
Estimated Time: 38 days
Estimated Cost: $4.1M

1.1.2.2 Overdrive System
Estimated Time: 53 days
Estimated Cost: $5.2M

1.1.3.1. Universal Joint
Estimated Time: 68 days
Estimated Cost: $4.3M

1.1.3.3. Design Integration
Estimated Time: 15 days
Estimated Cost: $0.9M

1.1.3.2. Tube and Shaft
Estimated Time: 37 days
Estimated Cost: $3.1M

1.1.5.1. Spring System
Estimated Time: 83 days
Estimated Cost: $5.5M

1.1.4.1. Shell
Estimated Time: 53 days
Estimated Cost: $1.5M

1.1.4.3. Design Integration
Estimated Time: 37 days
Estimated Cost: $0.8M

1.1.4.2. Covering
Estimated Time: 30 days
Estimated Cost: $0.5M

1.1.5.2. Casing
Estimated Time: 35 days
Estimated Cost: $2.6M

1.1.5.3. Design Integration
Estimated Time: 60 days
Estimated Cost: $3.2M

Figure 14. Application of ASD on the truck subsystem case example: Powertrain
39

120

440
1.1.1.2
320

Start
0.2

160

480

480

580
580

120

440

1.1.1.6

1.1.1.3
0.2
0

50
480

160

1.1.1.1

580

600

133

0.1
158

180

133
1.1.2.2

480
0.2

1.1.2.1

0.05

53

98

524

0.05

148

148

186
End

80

300
60

630

480
1.1.1.4

0

580

480

180

0.3

600

100

320

600

630

1.1.1.5

1.1.2.3

1.1.2.5

15

38

577

592

592

630

577

0.4
470
30

568

100

168

168

205

205

220

83
1.1.3.1

1.1.3.2

1.1.3.3

68

37

15

1.1.4.1
53
510
540

578

578

615

615
90

30

630

593
113
60

127
1.1.4.3

90

1.1.5.1
37

1.1.4.2
0.2

83

47
518

82

30

0.35

593

630

52

601
1.1.5.2

563

593

60

35
535

112
1.1.5.3

570

570

630

Figure 15. Application of ND on the case example truck subsystem: Powertrain
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Figure 16. Results for the worst case scenario
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Figure 17. Results for the best case scenario
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Figure 18. Results for the mid case scenario – cost overrun
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Table I. List of reasons and percentage of contribution to project failures (Standish
Group 1995 & 1996 and Scientific American)
Reasons project fails

% contribution to project failure

Incomplete requirements

13.1

Lack of user involvement

12.4

Lack of resources

10.6

Unrealistic expectations

9.9

Lack of executive support

9.3

Changing requirements and specifications

8.7

Lack of planning

8.1

Did not need it any longer

7.5

Table II. List of tools used by systems engineers and project managers (Modified
and adapted from INCOSE-TP-2003-016-02, Version 2a).
Systems Engineers Toolkit for

Project Managers Toolkit

Functional Analysis
1. Functional Flow Block Diagram

1. Critical Path Analysis and PERT

2. N2 charts

2. Gantt Chart

3. Timeline Analysis

3. Decision Tree

4. Requirements Allocation

4. Value Analysis

5. Functional Thread Analysis

5. Pareto Analysis

6. Modeling and Simulation

6. Cost/Benefit Analysis

7. Real-Time Structured Analysis

7. Stakeholder Analysis

8. Object-Oriented System Modeling
Decision Support
9. Analytic Hierarchy Process
10. Decision Analysis Technique for
Risk Management
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Table III: Engine design parameter ranges for the truck case example
Parameter

Requirement Range

Rotation-per-minute

1400 rpm – 1490 rpm

Torque

892 Nm – 941 Nm

Horsepower of engine (HP)

249 hp – 263 hp

Table IV: Scale for AHP analysis
Scale

Description of the scale

1

Equal

2

Moderate

3

Strong

7

Very Strong

9

Extreme
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Table V: Pairwise comparison of design parameter on the truck case example
Design
Parameters

Rotation-perminute

Torque

Horsepower

Rotation-perminute
Torque

1

1/5

1/3

5

1

4

Horsepower

3

1/4

1

Table VI. The relative ranking of the design parameters on the truck case example
Design
Parameters
Rotation-perminute
Torque

Computed
Eigenvector

Relative ranking
3

0.100747
1
0.673607

Horsepower

2
0.225646
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Table VII: Pairwise comparison of the alternative concepts engine judged by RPM
Alternative
Concept
Naturally
Aspirated
Turbocharged
Turbocharged
Inter-Cooled

Naturally
Aspirated

Turbocharged

Turbocharged
Inter-Cooled

1

1/5

1/3

5

1

4

3

1/4

1

Table VIII. The relative ranking of the alternative concepts engine judged by RPM
Alternative
Concept
Naturally
Aspirated
Turbocharged
Turbocharged
Inter-Cooled

Computed
Eigenvector

Relative ranking

0.163428

3

0.296962

2

0.53961

1
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Table IX: Pairwise comparison of the alternative concepts engine judged by torque
Alternative
Concept
Naturally
Aspirated
Turbocharged
Turbocharged
Inter-Cooled

Naturally
Aspirated

Turbocharged

Turbocharged
Inter-Cooled

1

1/2

1/3

2

1

1/2

3

2

1

Table X. The relative ranking of the alternative concepts engine judged by torque
Alternative
Concept
Naturally
Aspirated
Turbocharged
Turbocharged
Inter-Cooled

Computed
Eigenvector

Relative ranking

0.163428

3

0.296962

2

0.53961

1
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Table XI: Pairwise comparison of the alternative concepts engine judged by HP
Alternative
Concept
Naturally
Aspirated
Turbocharged
Turbocharged
Inter-Cooled

Naturally
Aspirated

Turbocharged

Turbocharged
Inter-Cooled

1

1/2

1/4

2

1

1/3

4

3

1

Table XII. The relative ranking of the alternative concepts engine judged by HP
Alternative
Concept
Naturally
Aspirated
Turbocharged
Turbocharged
Inter-Cooled

Computed
Eigenvector

Relative ranking

0.136502

3

0.238487

2

0.625012

1
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Table XIII: Estimated cost (EC) and budgeted cost (BC)
WBS

Estimated Cost

Budgeted Cost

(LEVEL 3)

(EC), $MIL

(BC), $MIL

ENGINE

1.1.1

42.9

40.0

GEAR BOX

1.1.2

17.1

16.1

PROPELLER SHAFT

1.1.3

8.3

7.8

FUEL TANK

1.1.4

2.8

3.8

CLUTCH

1.1.5

11.3

13.0

82.4

80.7

COMPONENT

Total
REAR AXLE

1.2.1

25.2

26.5

FRONT AXLE

1.2.2

24.2

22.1

WHEELS & TIRES

1.2.3

3.1

4.4

FRAME

18.6

17.6

Total

71.1

70.6

CABIN

1.3.1

8.3

7.5

LOAD BODY

1.3.2

7.4

7.5

15.7

15.0

Total
STEERING

1.4.1

9.0

10.5

BRAKE

1.4.2

23.4

22.5

32.4

33.0

201.6

199.2

Total

OVERALL
TOTAL
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Table XIV. Estimated time (ET) and budgeted time (BT)
WBS

Estimated Time

Budgeted Time

(LEVEL 3)

(ET), Days

(BT), Days

ENGINE

1.1.1

600

570

GEAR BOX

1.1.2

193

195

PROPELLER SHAFT

1.1.3

125

130

FUEL TANK

1.1.4

93

95

CLUTCH

1.1.5

106

106

REAR AXLE

1.2.1

225

230

FRONT AXLE

1.2.2

241

240

WHEELS & TIRES

1.2.3

35

35

210

205

COMPONENT

FRAME

CABIN

1.3.1

118

120

LOAD BODY

1.3.2

86

85

STEERING

1.4.1

106

105

BRAKE

1.4.2

72

75
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